Erectile dysfunction (ED) is an increasingly prevalent medical problem, affecting up to 50% of men aged between 40 and 70-y-old. Many cases are vasculogenic and some of these stem from the inability of the penis to store blood during erection due to leak into the venous system, termed corporo-venocclusive dysfunction (CVOD). The area of leakage during erection could be the most direct measure of erectile function but has not been investigated before. We have developed a simple mathematical model to determine the area of leak during erection and have tested it on data from both normal men (n 3) and men with venogenic impotence (n 16) undergoing dynamic infusion cavernosometry (DIC). The area of leak in the impotent group is signi®cantly greater than in normal men at intracorporal pressures above 30 mmHg and reaches a plateau between 60 and 90 mmHg. Based on this study, we suggest that it may be necessary only to perform DIC at intracorporal pressures between 60 and 90 mmHg.
Introduction
Erectile dysfunction (ED) is conservatively estimated to affect 20 million men in the United States, with approximately 50% of men having a consistent problem with erectile failure at some stage of their life. 1 The medical, psychosocial and ®nancial impact of this entity is enormous. 2 Of the 90% of men who have primarily organic impotence, the majority have a vasculogenic etiology. Vasculogenic erectile impairment is the result of either arterial insuf®-ciency (failure of the penile arteries to deliver enough blood in a rapid fashion to the erectile chambers) or corporo-venocclusive dysfunction, (CVOD) failure of the erectile chambers to store blood. 2 The clinical signi®cance of venous leak is that it portends a poorer prognosis with regard to response to pharmacological therapies, including oral agents, intraurethral agents and intracavernosal injection therapy. Thus, assigning such a vascular diagnosis to a patient has signi®cant implications.
Each corpus cavernosum consists of a mixture of smooth muscle and collagen surrounding sinusoids or lacunae, spaces which ®ll with blood during erection and empty during detumescence. A stiff, relatively inextensible external layer of collagen, the tunica albuginea, surrounds each erectile chamber. The two corpora cavernosa communicate freely with each other through fenestrations in the tunical septum lying between them, ensuring free transmission of pressure. 2 A series of venous channels, the subtunical venules, lies between the corporal smooth muscle and the tunica albuginea ( Figure 1 ) and provide venous return of blood within the corpora to the systemic circulation. The purpose of penile erection is the development of a rigid column that has enough axial rigidity to withstand the deforming effects of vaginal penetration. During erection, the corporal smooth muscle relaxes and the sinusoids ®ll with blood, expanding the erectile chambers and occluding the subtunical venules. This venocclusive mechanism prevents further venous out¯ow from the corpora. 3 Disease states that interfere with smooth muscle expansion at either the gross structural or subcellular level, such as diabetes, hypercholesterolemia, and atherosclerosis, may lead to failure of subtunical venule compression and subsequently to venous leak and ED.
The clinical diagnosis of venous leak is based in part upon data from hemodynamic investigations such as duplex Doppler penile ultrasonography or dynamic infusion cavernosometry (DIC). In DIC, two parameters are paramount in the diagnosis of CVOD. The ®rst of these is¯ow-to-maintain (FTM) and is the¯ow of intracorporal saline required to maintain a given intracorporal pressure. FTM is believed to represent tissue resistance to¯ow. 4 The second parameter is pressure decay (PD), the drop in intracorporal pressure over a 30 s period from a starting pressure of 150 mmHg. 4 In CVOD, the increased venous out¯ow (venous leak) stems directly from increased cross-sectional area of venous return, yet there is no method of measuring the area of leak clinically. Therefore, clinical diagnosis must depend upon indirect measures such as FTM and PD. Therefore, we have attempted to develop a simple mathematical model of the penis during DIC analysis and have used it to predict the cross-sectional area of leakage.
Methods
Data was derived from patients undergoing DIC. Inclusion required a diagnosis of CVOD based upon FTM and PD measurement. Venous leak was de®ned as an FTM value greater than 3 mlamin and a PD value greater than 45 mmHg. In addition, three subjects with normal DIC results were included separately as controls for comparison. Patients were excluded if any penile deformity existed (Peyronie's disease), or if post-procedural priapism developed despite abnormal venous parameters during DIC. This latter occurrence suggested a false diagnosis of venous leak resulting from excess sympathetic discharge during the procedure.
Dynamic infusion cavernosometry (DIC)
With the patient in the supine position, 1% plain xylocaine local anesthetic was injected into the subcutaneous tissue of the subcoronal area of the penis. A 21-gauge butter¯y catheter was then placed into each erectile chamber. One catheter was used for vasoactive medication administration and was connected to a pressure transducer (Lifetech Inc., Detroit, MI) for continuous measurement of intracorporal pressure. The second line was used for saline infusion. A papaverineaphentolamine mixture (60 mga3 mg per ml) was the vasoactive agent for the procedure. Ten minutes after infusion of the vasoactive solution, saline was infused with the servo-controlled pump set at pre-set pressures of 30, 60, 90, 120 and 150 mmHg. After reaching each of the ®ve intracorporal pressures, the system was allowed to come to equilibrium prior to recording the FTM. Redosing of the papaverineaphentolamine mixture was done if the FTM values were abnormal, up to a maximum of three doses. FTM was remeasured at each of the ®ve intracorporal pressures and the FTM values entered into the mathematical model were those recorded following the ®nal dose of vasoactive agent.
Mathematical model
During FTM determination, the corpus cavernosum is in equilibrium and can be modeled as a chamber through which saline¯ows in through the needle and out through the non-compressed venous channels (Figure 1 ). Bernoulli's equation was used, as a and other speci®c locations of leak, and is the total area of leak. A c is the cross-sectional area of the intra-corporal catheter. FTM is the¯ow to maintain a given intra-corporal pressure, P ic is the intracorporal pressure.
Prediction of venous leak JP Mulhall and MS Damaser ®rst order approximation, to compare in¯ow and out¯ow states. This assumes steady¯ow, zero friction, no height difference and that volume of uid leakage equates¯uid infused. 5 Simplifying Bernoulli's equation for these two states gives:
where P ic is the intracavernosal pressure set by physician (30 ± 150 mmHg), r is the density of saline infused, V c is the velocity of the saline infused in the catheter, P v is the venous pressure at the site of leakage (assumed equal to a mean venous pressure of 5 mmHg), and V L is the mean velocity of¯uid at the site of leakage. Infusion¯ow rate and leakage¯ow rate must be equal, since mass is conserved and saline is incompressible at these pressures. Area of leakage was then determined by setting area equal to¯ow divided by velocity in the resultant equation. With these few assumptions, the area of leakage, A L , becomes a non-linear function of the independent variable, intracavernosal pressure, P ic the dependent variable,¯ow to maintain (the infusion¯ow rate), FTM, and known constants.
where A c is the cross-sectional area of the infusion catheter (assumed equal to 0.52 mm 2 ). FTM values determined during DIC were used to calculate area of leak at the ®ve intracavernosal pressures (30, 60, 90, 120 and 150 mmHg. Results are presented as means AE standard deviation. Statistical signi®cance was determined by analysis of variance followed by a Student± Newman±Keuls test for comparison of individual groups with P`0.05 indicating a signi®cant difference (SigmaStat, Jandel Scienti®c).
Results
FTM data from 16 patients with venogenic impotence was used in the model to determine area of leak during DIC (Figure 2 ). Both FTM and area of leak at 60, 90, 120 and 150 mmHg (60: 19.9 AE 14.2 mlamin, 2.6 AE 1.8 mm 2 , 90: 28.9 AE 15.1 mlamin, 3.1 AE 1.6 mm 2 , 120: 31.5 AE 16.9 mla min, 2.9 AE 1.5 mm 2 ; 150: 35.1 AE 20.1 mlamin, 2.9 AE 1.6 mm 2 ) were signi®cantly greater than at 30 mmHg (5.9 AE 12.9 mlamin and 1.1 AE 2.2 mm 2 ). While FTM continues to rise with increasing intracavernosal pressure, the area of leak reaches a plateau at approximately 60 mmHg. Whereas, FTM values at 90, 120 and 150 mmHg were signi®cantly different from FTM values at 60 mmHg there was not a signi®cant difference in area of leak at higher pressures when compared to 60 mmHg.
DIC data from three men with normal erectile function was used for comparison. There were no statistical differences between FTM or area at different pressures within the normal group so all are combined to give a normal FTM of 1.33 AE 1.45 mlamin and an area of leakage of 0.16 AE 0.19 mm 2 . Both values are signi®cantly less than those in the venogenic impotence group at all intracavernosal pressures except 30 mmHg.
Discussion
Because achieving and maintaining an erection requires the successful interaction of mechanical forces, the penis has previously been analyzed using mechanical engineering principles. Dynamic infu- Indicates a statistically signi®cant difference (P`0.05) when compared to comparable data at 60 mmHg.
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sion cavernosometry is based on the principles of resistance to¯ow and capacitance of a chamber. 4 In addition, more complicated models have been made to investigate the relationship between smooth muscle tone and venous leak. 6 However, no previous engineering analysis has been used to determine the area of leak, the most direct measure of venous leak. Since the area of leak cannot be measured directly in an intact penis, we have derived a simple mathematical model to predict the area of leak given intracorporal pressure and the infusion¯ow rate to maintain that pressure (FTM).
The model presented here is based on the assumptions that¯ow is steady in the corpus cavernosum during DIC, that leakage area and¯ow are much greater than normal exit area and¯ow, and that all saline infused can be accounted for in the out¯ow (conservation of mass). All saline infused during DIC enters the bloodstream via venous return from the penis. Therefore, the only route of return is via venous channels (predominantly subtunical venules), accounted for by venous leak. Direct con®rmation of the assumptions in the model by experimental measurement of leakage area (via histology in animal studies) is planned. Comparison to men with normal erectile function demonstrates that leakage area and¯ow are at least 10 times greater than normal area and¯ow at intracorporal pressures greater than 30 mmHg.
Since there was no signi®cant difference between FTM and leakage area in normal subjects and both parameters at 30 mmHg in subjects with CVOD, it may be unnecessary to conduct cavernosometric measurement at 30 mmHg. However, the model has its greatest inaccuracy at an intracorporal pressure of 30 mmHg. Therefore, this conclusion needs to be veri®ed by experimental measurement of leakage area at this pressure or with a more complex mathematical model.
The results of the model demonstrate that area of leak increases with increasing intracavernosal pressure but plateaus at approximately 60 mmHg. The plateau in area probably stems from the balance of two events occurring simultaneously. As the intracavernosal pressure increases, FTM increases, causing the area of leak to increase, but cavernosal pressure also increases, causing the subtunical venules to become occluded, decreasing area of leak. With our mathematical model, we have demonstrated that at pressures greater than 60 mmHg, the increased driving pressure causes increased FTM through the same leakage area. This suggests that conducting DIC tests at pressures greater than 60 ± 90 mmHg, might be unnecessary. A larger sample size is needed to con®rm this result.
Summary
In conclusion, we have used a simple mathematical model to predict area of leakage in CVOD and have demonstrated that the area reaches a maximum at intracorporal pressures between 60 and 90 mmHg, while the infusion rate necessary to maintain that pressure (FTM) continues to increase. Area of leakage may be clinically useful in diagnosing and managing patients with CVOD. Our data further suggests that conducting DIC tests at intracorporal pressures below or above 60 ± 90 mmHg may be unnecessary to evaluate patients with CVOD. Further work is aimed at con®rming this result.
